Introduction
The placenta plays a key role in supporting fetal growth (Aplin, 1991) . This transient organ is the site of transfer of respiratory gases, nutrients and waste products between the fetal and maternal systems; it serves as a barrier against blood-borne pathogens and the maternal immune system; and it fulfills an endocrine role by secreting hormones, growth factors and other bioactive substances required for the establishment and maintenance of pregnancy. The majority of these placental functions are performed by the syncytial trophoblast, the outer multinucleated cellular layer of the chorionic villous, which is formed by the terminal differentiation and fusion of the underlying mononucleate cytotrophoblasts (Richart, 1961; Kliman et al., 1986) . To date, the molecular and cellular mechanisms underlying these developmental processes remain poorly characterized.
Villous cytotrophoblasts isolated from the human term placenta mimic many of the cellular events associated with the formation and organization of the human placenta in vivo (Kliman et al., 1986) . For example, freshly isolated mononucleate cytotrophoblasts aggregate and establish extensive interactions with one another through the formation of desmosomes, adherens and gap junctions (Babalola et al., 1990; Douglas and King, 1990; Cronier et al., 1994) . The resulting cellular aggregates promote the terminal differentiation and fusion of the mononucleate cytotrophoblasts into multinucleated syncytium. These morphogenetic events are believed to be mediated, at least in part, by the regulated expression of members of the cadherin gene superfamily of calcium-dependent cell adhesion molecules (CAMs) in these primary cell cultures.
Two cadherin subtypes, E-cadherin (E-cad) and cadherin-11 (cad-11), are differentially expressed during the terminal differentiation of human cytotrophoblasts in vitro (MacCalman et al., 1996) . In particular, E-cad mRNA concentrations and protein expression are high in freshly isolated villous cytotrophoblasts and decrease as aggregates are formed and the cells begin to undergo differentiation and fusion to form
The cellular mechanisms underlying the formation and organization of the human placenta remain poorly understood. Recent studies have demonstrated that E-cadherin, in association with the cytoplasmic protein known as β-catenin, plays an integral role in the differentiation of the trophectoderm in the murine and bovine embryo. Although Ecadherin expression is regulated during the aggregation and fusion of human villous cytotrophoblasts, the expression of β-catenin during the terminal differentiation of these primary cell cultures has not been determined. In this study, β-catenin mRNA concentrations and protein expression were examined in primary cultures of human villous cytotrophoblasts using northern and western blot analysis. β-catenin mRNA concentrations and protein expression were high in freshly isolated mononucleate cytotrophoblasts but decreased as these cells underwent aggregation and fusion to form syncytium. A similar pattern of expression was observed for the E-cadherin mRNA transcript and protein species present in these cell cultures. Immunoprecipitation studies demonstrated that the β-catenin and E-cadherin protein species present in the mononucleate cytotrophoblasts were capable of forming intracellular complexes. In contrast, β-catenin and E-cadherin mRNA and protein expression in JEG-3 choriocarcinoma cells remained constant over time in culture. β-catenin and E-cadherin expression was subsequently immunolocalized to the aggregates of mononucleate cells present in both of these trophoblastic cell cultures and the villous cytotrophoblasts of the human first trimester and term placenta. Taken together, these observations indicate that the E-cadherin-β-catenin complex plays a central role in the terminal differentiation of human trophoblasts in vitro and in vivo. multinucleated syncytium (Coutifaris et al., 1991; RebutBonneton et al., 1993) . The loss of E-cad expression in these cell cultures is concomitant with an increase in the expression of cad-11 (MacCalman et al., 1996) . Furthermore, functionperturbing antibodies generated against E-cad inhibit aggregation (Coutifaris et al., 1991) , whereas antisense oligonucleotides specific for human cad-11 inhibit fusion in these primary cell cultures (MacCalman, 1997) . Taken together, these observations have led to the proposal that these two cadherin subtypes play discrete roles in the aggregation, differentiation and fusion of villous cytotrophoblasts in vitro.
In general, the ability of cadherins to mediate cell-cell interactions is dependent on these CAMs interacting with at least three cytoskeletal-associated proteins known as α-, β-, and γ-catenin (Ozawa et al., 1989; Knudsen and Wheelock, 1992; Kemler, 1993) . The cytoplasmic domain of the cadherins interacts with either β-or γ-catenin in a mutually exclusive manner (Butz and Kemler, 1994; Nathke et al., 1994) . These two catenins, in turn, bind to α-catenin, which is responsible for anchoring the cadherins to the actin filaments of the cytoskeleton either directly (Ozawa et al., 1990) or indirectly through interactions with the actin-binding protein α-actinin (Knudsen et al., 1995) . The catenins not only link the cadherins to the underlying cytoskeleton but are thought to be involved in activating several intracellular signaling pathways (Gumbiner, 1995; Dale, 1998) .
Although β-catenin has been co-localized with E-cad in the inner cell mass and trophectoderm of the murine (Ohsugi et al., 1997) and bovine embryo (Barcroft et al., 1998) , the expression pattern of this catenin subtype during the formation and organization of the human placenta has not been characterized. The objective of this study was to provide insight into the mechanisms by which cadherins mediate the terminal differentiation of human trophoblasts. β-catenin and E-cad mRNA concentrations and protein expression were examined in primary cultures of villous cytotrophoblasts undergoing aggregation, differentiation and fusion in vitro using northern and western blot analysis, respectively. Similarly, β-catenin and E-cad mRNA concentrations and protein expression were examined in cultures of JEG-3 cells, a choriocarcinoma cell line that does not undergo terminal differentiation and fusion under standard culture conditions. β-catenin and E-cad expression was subsequently localized in these trophoblastic cell cultures, as well as in first trimester and term placenta in vivo, using immunocytochemistry. Immunoprecipitation studies were performed using cell lysates prepared from primary cultures of villous cytotrophoblasts isolated from the human term placenta to determine whether β-catenin and Ecad were capable of forming intracellular complexes in human trophoblasts.
Materials and Methods

Ethics of experimentation
First trimester (approximately 12 weeks of gestation; n = 3) and term placental tissues (n = 6) were obtained from women undergoing elective termination of pregnancy by dilatation and curretage and Caesarian section, respectively.
Research on these human placental tissues was approved by the Committee for Ethical Review of Research Involving Human Subjects, University of British Columbia, Vancouver, Canada, and was performed with the informed consent of the patients.
Cell preparation and culture
Villous cytotrophoblasts were prepared from human term placentae as described by Kliman et al. (1986) . This method, which uses serial trypsin-DNase digestions in Ca 2+ -and Mg 2+ -free media followed by Percoll gradient centrifugation to purify cells, yields a highly enriched preparation of cytotrophoblasts.
JEG-3 choriocarcinoma cells (American Type Culture Collection, Rockville, MD) were harvested from ongoing cultures with 0.125% (w/v) trypsin in EDTA buffer.
Villous cytotrophoblasts and JEG-3 cells were cultured in 100 mm culture dishes at densities of 1.2 ϫ 10 7 cells per dish or 5 ϫ 10 6 cells per dish, respectively. For immunocytochemistry, the cells were seeded on glass coverslips (2 cm ϫ 2 cm), placed in 35 mm culture dishes, at densities of 5 ϫ 10 5 cells per dish or 2 ϫ 10 5 cells per dish for the villous cytotrophoblasts and JEG-3 cells, respectively. Culture media (Dulbecco's modified Eagle's medium; DMEM (Gibco BRL, Burlington, ON) containing 25 mmol glucose l -1 , 25 mmol Hepes l -1 and 50 µg gentamicin ml -1 ) was supplemented with 10% (v/v) heat-inactivated fetal calf serum (FCS; Hyclone Labs Inc., Logan, UT).
Northern blot analysis
Total RNA was prepared from villous cytotrophoblasts or JEG-3 cells that had been cultured for 0, 12, 24, 48 or 72 h using the phenol-chloroform method of Chomcznyski and Sacchi (1987) . The RNA species were resolved by electrophoresis in 1% agarose gels containing 3.7% (w/v) formaldehyde. Approximately 20 µg of total RNA was loaded in each lane. The fractionated RNA species were then transferred onto charged nylon membranes (Amersham Canada Ltd, Oakville, ON).
The northern blots were probed with radiolabelled cDNAs specific for human β-catenin (a gift from S. Byers, Georgetown University, Washington, DC), E-cad and a synthetic oligonucleotide specific for 18S rRNA according to the methods of Getsios et al. (1998) .
Detergent extraction, western blot analysis and immunoprecipitation
Cultures of villous cytotrophoblasts and JEG-3 cells were washed three times in PBS and incubated in 1 ml cell lysis buffer (10 mmol Tris-HCl l ) at 4ЊC for 30 min on a rocking platform. The cell lysates were centrifuged at 10 000 g for 20 min and the supernatants used for immunoprecipitation or western blot analysis. The concentration of protein in the cell lysates was determined using the BCA kit (Pierce Chemicals, Rockford, IL).
Western blots containing aliquots (20 µg) of the cell lysates extracted from villous cytotrophoblasts or JEG-3 cells that had been cultured for 12, 24, 48 or 72 h were prepared according to the methods described by MacCalman et al. (1993) . The nitrocellulose blots were probed with a mouse monoclonal antibody directed against human E-cad or β-catenin (Transduction Labs, Lexington, KY).
Immunoprecipitations were performed according to a protocol modified from Pishviain et al. (1999) . Briefly, aliquots (250 µg) of cell lysates, prepared from villous cytotrophoblasts that had been cultured for 48 h, were pre-cleared with 10 µl of a protein A-agarose conjugate (2 mg ml -1 ; Transduction Labs) for 30 min. The agarose was removed from the cell lysates by centrifugation at 10 000 g for 4 min. The resulting supernatants were incubated with 5 µg of a mouse monoclonal antibody directed against either human E-cad, β-catenin (Transduction Labs) or cad-11 (C11-113H, ICOS Corp., Bothell, WA) for 1 h. The immune complexes were incubated with 5 µg of a rabbit anti-mouse antibody (Jackson ImmunoResearch Labs, West Grove, PA) for 30 min. Protein A-agarose was added to the lysates and the reaction mixture incubated for an additional 30 min. The agarose-bound immune complexes were centrifuged at 10 000 g for 4 min, washed five times with cell lysis buffer, resuspended in Laemmli sample lysis buffer and resolved by SDS-PAGE under reducing conditions. The proteins were transferred electrophoretically from the gels onto nitrocellulose paper. The immunoblots were probed with a mouse monoclonal antibody directed against β-catenin (Transduction Labs). The Amersham enhanced chemiluminescence (ECL) system was used to detect antibody bound to antigen.
Immunolocalization of E-cad and β-catenin in human placental tissues and trophoblastic cells
Frozen sections (8 µm) prepared from human first trimester and term placental tissues and cultures of villous cytotrophoblasts or JEG-3 cells, grown on glass coverslips for 12 or 72 h, were fixed in 4% (w/v) paraformaldehyde for 15 min at room temperature.
The fixed tissue sections and cells were immunostained using mouse monoclonal antibodies directed against either human E-cad or β-catenin (Transduction Labs) according to the methods described by Getsios et al. (1998) .
Statistical analysis
The results are presented as the mean relative absorbance (Ϯ SEM) for three independent experiments. Statistical differences between time points were assessed by ANOVA. Differences were considered significant for P values р 0.05. Significant differences between the means were determined using the least significant difference test.
Results
A single E-cad mRNA transcript of 5.6 kb was detected in all of the total RNA extracts prepared from the primary cultures of villous cytotrophoblasts (Fig. 1) . The concentrations of this E-cad mRNA transcript were high in freshly isolated cytotrophoblasts. However, as reported in other studies (Coutifaris et al., 1991; MacCalman et al., 1996) , there was a significant decrease in E-cad mRNA concentration between 24 and 48 h of culture, the period in which these cells begin to undergo terminal differentiation and fusion in vitro. There was a further decrease in E-cad mRNA concentration at 72 h of culture as the cells continued to form multinucleated syncytium. Similarly, maximum concentrations of the β-catenin mRNA transcript (3.3 kb) were detected in freshly isolated cytotrophoblasts and there was a significant decrease in the concentration of this mRNA transcript at 48 h (Fig. 1) . β-catenin mRNA concentration continued to decrease until the end of the experiment at 72 h.
Western blot analysis using mouse monoclonal antibodies directed against either human E-cad or β-catenin and extracts prepared from cultured villous cytotrophoblasts revealed a single E-cad (120 kDa) and β-catenin (92 kDa) protein species in all of the cellular extracts (Fig. 2) . In agreement with the northern blot analysis, there was a significant decrease in the expression of these two protein species at 48 h of culture. There was a further decrease in Ecad and β-catenin expression as the cytotrophoblasts continued to undergo differentiation and fusion to form syncytium over time in culture.
The E-cad and β-catenin mRNA transcripts and protein species were also readily detectable in extracts prepared from JEG-3 cells (Figs 3 and 4, respectively) . However, in contrast to the primary cultures of villous cytotrophoblasts, there were no significant differences in E-cad or β-catenin mRNA concentrations and protein expression in the JEG-3 cell cultures at any of the time points examined.
Intense immunostaining for E-cad and β-catenin expression was detected in mononucleate cytotrophoblasts in vitro. In particular, E-cad and β-catenin were localized to areas of cell-cell contact in the mononucleate cellular aggregates that formed in these primary cell cultures (Fig. 5a,b) . After fusion, E-cad and β-catenin immunostaining was not detectable on the surface of the multinucleated syncytium with the exception of areas that were in direct contact with unfused mononucleate cytotrophoblasts (Fig. 5c,d ). In contrast, E-cad and β-catenin immunostaining was readily detectable in areas of contact between JEG-3 cells cultured for 72 h (Fig. 5e,f) .
Immunoprecipitation studies using cell lysates prepared from villous cytotrophoblasts cultured for 48 h demonstrated that E-cad and β-catenin were capable of forming intracellular complexes in these primary cell cultures (Fig. 6) . In contrast, β-catenin was not detected in cell lysates that had been immunoprecipitated with a mouse monoclonal antibody directed against cad-11 (Fig. 6) . The presence of a 125 kDa cad-11 protein species, previously detected in extracts prepared from primary cultures of villous cytotrophoblasts (MaCalman et al., 1996; MacCalman, 1997) , was confirmed by immunoblotting (data not shown).
E-cad and β-catenin expression was also localized to the -d, respectively) . Western blot analysis was performed using mouse monoclonal antibodies directed against human E-cad or β-catenin. The Amersham ECL system was used to detect antibody bound to antigen. (b) The autoradiographs shown in (a) were scanned using a laser densitometer. The results derived from this analysis, as well as from two other studies (autoradiographs not shown), were standardized to the 0 h control and are presented (mean Ϯ SEM; n = 3) (*P р 0.05 versus 0 h control).
mononucleate villous cytotrophoblasts present in the human first trimester (Fig. 7a,b) and term (Fig. 7c,d ) placenta. In contrast, significant expression of either E-cad or β-catenin was not detected in the outer syncytial trophoblast layer of these placental tissues. However, ribbon-like fragments of -d, respectively) . Western blot analysis was performed using mouse monoclonal antibodies directed against human E-cad or β-catenin. The Amersham ECL system was used to detect antibody bound to antigen. (b) The autoradiographs shown in (a) were scanned using a laser densitometer. The results derived from this analysis, as well as from two other studies (autoradiographs not shown), were standardized to the 0 h control and are presented (mean Ϯ SEM; n = 3). immunodetectable E-cad and β-catenin were occasionally observed in the inner surface of the syncytial trophoblast of the term placenta, primarily in regions adjacent to the mononucleate cytotrophoblasts present in this tissue (Fig.  7c,d ). This distinct immunostaining pattern has been reported for E-cad expression in BeWo cells undergoing fusion in response to the intracellular secondary messenger cAMP (Coutifaris et al., 1991) .
Discussion
A single β-catenin mRNA transcript of 3.3 kb was detected in all of the total RNA extracts prepared from the villous cytotrophoblast and JEG-3 choricarcinoma cell cultures. This β-catenin mRNA transcript has been detected in human endometrial stromal cells (Chen et al., 1998) and breast, gastric and colon carcinoma cell lines (Oyama et al., 1994; Munemitsu et al., 1995; Byers et al., 1996) . Similarly, a 92 kDa protein species corresponding to β-catenin has been detected in a wide variety of tissues and cells, including Xenopus embryos, human liver, epidermoid cells and murine neuroblastoma cell lines (McCrea and Gumbiner, 1991; Aberle et al., 1997; Miyoshi et al., 1998) . However, the present study is the first to demonstrate that β-catenin mRNA concentration and protein expression are co-ordinately regulated during the terminal differentiation of a mammalian cell in vitro. Cadherin-mediated cellular interactions govern the developmental fate of cells and the subsequent formation of tissues (Larue et al., 1996; Redfield et al., 1997; Linask et al., 1998) . These developmental processes may be mediated, at least in part, by intracellular signalling via the cadherincatenin complex (Gumbiner, 1995; Dale, 1998) . The results of the present study demonstrate that E-cad and β-catenin mRNA concentration and protein expression are high in freshly isolated villous cytotrophoblasts and decrease as the cells undergo aggregation and fusion to form syncytium in vitro. In contrast, E-cad and β-catenin expression was maintained in non-fusing JEG-3 cell cultures. These findings indicate that the loss of E-cad and β-catenin expression in human trophoblastic cells may alter many characteristics of these cells, including the integrity and organization of intercellular junctional complexes (Babalola et al., 1990; Douglas and King, 1990; Cronier et al., 1994) , remodelling of the cytoskeleton (Douglas and King, 1993) and the expression of transcription factors (Dakour et al., 1999) , all of which, alone or in combination, are likely to mediate cellular and tissue differentiation in vitro and in vivo. At present, the molecular and cellular mechanisms involved in coordinately regulating cadherins and catenins in a mammalian cell remain poorly characterized. Although several studies indicate that cadherins modulate catenin expression, these observations have been based primarily on the examination of catenin concentrations after the transfection of exogenous cadherins (Redfield et al., 1997; Sadot et al., 1998) .
E-cad and β-catenin expression was localized to villous mononucleate cytotrophoblasts in vitro and in vivo. In addition, the present study indicates that E-cad and β-catenin form functional complexes in these human placental cells. This cadherin-catenin complex appears to play a central role in the formation and organization of the murine placenta. In particular, E-cad null mutant mouse embryos die at the time of implantation due to their inability to form a functional trophectoderm (Larue et al., 1994) . In contrast, trophectoderm formation does not appear to be affected in β-catenin null mutant mice before day 7.5 of pregnancy (Haegel et al., 1995) . However, the early stages of embryonic development in these null mutant mouse strains are thought to result from the persistence of maternally derived gene products. The ability of β-catenin null mutant mice to form a trophectoderm may also be attributed to the increase in γ-catenin expression observed in this cell layer. Furthermore, instead of being restricted to the desmosomes, which form in this cellular layer during embryonic development (Fleming et al., 1991) , γ-catenin was colocalized with E-cad to the basolateral membrane domain of the epithelial cells forming the trophectoderm of null mutant mice (Ohsugi et al., 1997) . Taken together, these observations indicate that γ-catenin can be substituted, at least in part, for β-catenin, thereby promoting E-cad-mediated cellular interactions during the development of the trophectoderm in these mouse embryos. Although these placental structures appear to be morphologically normal, their ability to sustain a pregnancy and the growth and development of the fetus after day 7.5 of pregnancy has not been determined, primarily due to the morphological defects observed in the inner cell mass of β-catenin null mutant embryos.
β-catenin may also mediate cellular differentiation and mammalian development through intracellular signal transduction pathways that are independent of the cadherins. For example, alterations in β-catenin expression have been associated with the formation of mesoderm in the Xenopus and murine embryo (Heasman et al., 1994; Haegel et al., 1995) . In addition, intracellular signalling by Wnt growth factors results in an accumulation of β-catenin in the cytoplasm and nucleus of Drosophila embryonic cells and Madin Darby canine kidney (MDCK) cells (Peifer et al., 1994; Behrens et al., 1996) . Although the role of β-catenin in the terminal differentiation and fusion of villous cytotrophoblasts has yet to be defined, studies indicate that the formation of multinucleated myotubes from mononucleate myoblasts is 66 S. Getsios et al. Negative controls in which the antiserum was replaced with a non-specific isotype-matched monoclonal antibody are also shown (e,f). E-cad and β-catenin immunostaining was detected in the villous cytotrophoblasts but not the syncytial trophoblast of these placental tissues. Scale bar represents 20 µm.
dependent on the interaction of β-catenin with a functional cadherin (Redfield et al., 1997) . β-catenin also interacts with cad-11, the other cadherin subtype identified in the chorionic villous of the human placenta. In particular, cad-11-β-catenin complexes have been detected in signet-ring cell carcinomas (Shibata et al., 1996) and invasive breast cancer cell lines (Pishviain et al., 1999) , indicating that this cadherin-catenin complex may promote the neoplastic transformation of epithelial cells. However, cad-11 expression increases during the terminal differentiation and fusion of trophoblastic cells in vitro (MacCalman et al., 1996) and has been localized to the syncytial trophoblast of the human placenta (MacCalman et al., 1996 (MacCalman et al., , 1997 . As cad-11 and β-catenin are differentially expressed during the terminal differentiation and fusion of human trophoblasts in vivo and in vitro and cad-11-β-catenin complexes do not appear to be present in villous cytotrophoblasts isolated from the human term placenta, it is possible that cad-11 promotes these developmental processes by interacting with other catenins or cytoplasmic proteins that remain to be identified. In summary, this study demonstrates that β-catenin mRNA concentrations and protein expression are downregulated during the terminal differentiation and fusion of cytotrophoblasts isolated from the human term placenta in a manner similar to E-cad expression. These findings provide the basis for further functional studies of the roles of distinct cadherin-catenin complexes in trophoblast differentiation.
